In this work we report a synthetic pathway to two-dimensional nanostructures of high oxidation state lamellar cobalt oxides with thicknesses of only few atom layers, through the combined use of precipitation in basic water at room temperature and gentle solid state topotactic transformation at 120 °C. The 2D nanomaterials are characterized by X-ray diffraction, nitrogen porosimetry, scanning electron microscopy, transmission electron microscopy and especially scanning transmission electron microscopy coupled to energy dispersive X-ray analysis and electron energy loss spectroscopy to assess the composition of the nanosheets and oxidation state of the transition metal species. We show that the nanosheets preserve high oxidation states Co 3+ and Co 4+ of high interest for electrocatalysis of the Oxygen Evolution Reaction (OER). By combining high Co oxidation state, surface-to-volume ratio and optimized nickel substitution, the 2D nanomaterials produced in a simple way exhibit high OER electrocatalytic activity and stability in alkaline aqueous electrolyte comparable to standard materials obtained in harsh thermal conditions.
INTRODUCTION
Two-dimensional (2D) transition metal oxides exhibit a realm of properties different from their bulk counter parts and are of interest for electronics, catalysis, information storage and energy harnessing. 1, 2 Many of these 2D nanostructures arise from oxides exhibiting a layered structure that can be scaled down to only few atomic layers, by chemical exfoliation or by surface deposition. 2 Among this latter family of solids, lamellar cobalt oxides A x CoO 2 (with A an alkali ion) possess a robust 2D structure derived from the Delafossite structural type (Figure 1 ), which can be described as sheets of edge-sharing CoO 6 octahedra interleaved by alkali ions.
3 Figure 1 . Crystal structures of cobalt oxyhydroxide CoOOH and three-layer Na x CoO 2 cobaltite (P3 structure). Sodium: yellow, cobalt: blue, oxygen: red, hydrogen: white. The coordination of alkali ions in the P3 Na x CoO 2 structure is trigonal prismatic. 3 Schematics of the soft chemistry pathway employed in the present work toward nanoplatelets and nanoflakes of cobaltite and Ni-substituted cobaltite, respectively.
This structural arrangement allows a high ion mobility and good stability upon ion insertion and deinsertion. These features have boosted the lithiated phases as the most common cathode material in industrially developed lithium-ion batteries, 4-6 which in turn have strongly motivated studies of sodium-intercalated Na x CoO 2 as cathode for as conductive additive for nickel-metal hydride batteries 11 with improved cycling stability.
2D nanostructures of Na x CoO 2 should exhibit enhanced properties related to the increase in the surface-to-volume ratio. For instance, nanostructuration should improve thermoelectric energy conversion by reducing thermal conductivity through phonon scattering at the grain-boundaries while maintaining a high electron mobility and large thermopower. 12, 13 Catalytic properties should as well be enhanced. This is especially true for electrocatalysis of the Oxygen Evolution Reaction (OER) occurring at the anode of (phot)electrochemical water splitting devices and metal-air batteries in charge operation. Cobalt-based materials are well-known OER electrocatalysts in alkaline media and large efforts are devoted since few years to understand and improve their activity and stability. [14] [15] [16] [17] [18] [19] [20] Besides perovskite 14, 15 -and spinel 16, 17 -derived cobaltites, lamellar cobalt(III) oxyhydroxide CoOOH has been intensively studied. [18] [19] [20] In most cases, Co 4+ sites are formed during the electrochemical conditions of OER and act as active electrocatalytic species. 19 Hence, incorporating Co 4+ species in a controlled manner at the synthesis stage would be a step forward in tuning the electrocatalytic properties. The Na x CoO 2 family offers a nice opportunity to reach this level of control due to its ability to accommodate cation substitution, for instance Ni, Mn or Cr. 21, 22 Especially, nickel incorporation can improve the OER electrocatalytic activity of CoOOH due to enhanced adsorption of intermediate species in the OER process. 19 These considerations have motivated our search for a reliable synthetic pathway towards transition metal-substituted sodium-cobaltites 2D nanostructures, more specifically nanosheets with a limited number of CoO 2 layers.
The stacking of CoO 2 layers in sodium cobaltites is driven by electrostatic interactions between the negative sheets and the alkali Na + cations intercalated.
Therefore, as other similar cases like lepidocrocite-type layered titanates, 23 protonated
Ruddlesden-Popper phases 24 or layered manganites, 25 exfoliation may be possible.
Mechanical and soft chemistry delamination methods applied to weakly Van der Waals bounded two-dimensional compounds 26 are hardly translatable to electrostatically stabilized phases due to stronger cohesion between the layers. The usual delamination strategy for such intercalated compounds is based on consecutive intercalations with progressively larger species in order to decrease electrostatic interactions, until the structure is split apart forming a colloidal suspension. The procedure is the only one reported so far to exfoliate sodium cobaltites 27 In this paper, we develop a soft chemistry pathway using water as solvent and solid state topotactic phase transformation, to obtain the thinnest possible layered sodium cobaltite particles. We demonstrate that this simple method allows cobalt substitution by nickel in order to further tune the electrochemical properties. The simple synthesis strategy yields nanoflakes of doped sodium nano-cobaltites as thin as 1.5-3.0 nm (2 to 5 CoO 2 layers), the thinnest reported up to now, as a result from both low temperature synthesis and structural destabilization by the dopant. These nanomaterials exhibit electrocatalytic activity comparable to standard materials, while they are obtained in simpler and milder conditions.
EXPERIMENTAL PROCEDURES
The synthesis strategy is based on a modified procedure from the previous work of
Pétrissans et al. 30 The general approach consists in two steps. 
RESULTS AND DISCUSSIONS
Cobalt oxyhydroxide (CoOOH) and alkali cobaltites are isostructural. The interlayer gap of the former is occupied by H + ions while the CoO 2 layers are interleaved by Na + in the cobaltites. Hence, our protocol proceeds by the formation of CoOOH nanosheets followed by topotactic transformation through proton exchange with sodium ions.
Briefly, the synthesis method is a soft chemistry procedure relying on an aqueous reaction medium under controlled atmosphere. Gentle thermal treatment (120 °C) in the solid state is performed afterwards to enable structural conversion. For Ni contents higher than 50 at. % phase segregation appears. The average Na content, evaluated by ICP-OES and EDS, is similar to that of the undoped sample. The lamellar morphology of Na 0. A local EDS study reveals different Ni concentrations depending on the particle size, as shown in Table 2 Table 2 and SI.A) suggests that all nickel in the sample is Ni(III). showing the delafossite structural type have been synthesized. What remains unexplained is why the particle size is so drastically reduced after Ni inclusion in the structure. The connexion between the Ni incorporation and particle size reduction is
clear since the compositional analysis shows always Ni content differences in large and small particles. A possible explanation could be the incorporation of structural distortions by the presence of a foreign metal. Assuming high spin configuration for both transition metals, the corresponding ionic radius are 0.53 Å for Co(IV), 0.61 Å for Co(III) and 0.60 Å for Ni(III); all of them in octahedral coordination. 41 Incorporation of Ni(III) in the octahedral layers results in larger mismatch between the cations and higher strains that might be exacerbated due to the Jahn Teller effect for Ni(III) in octahedral environment. Because of their high surface-to-volume ratio, especially at the edges, small nanoflakes are expected to stand higher structural strains than bigger particles, and then to accommodate larger amounts of nickel. Such a size decrease upon addition of foreign ions has also been observed in other systems, such as fluorides. 42 Our synthetic approach enables incorporating Co 4+ and Ni 3+ species in octahedral environment into layered cobalt oxide materials before using the material for electrocatalysis. Such species are well-known to enhance electrocatalytic activity in the Oxygen Evolution Reaction (OER), especially Co 4+ that are active sites for OER. [16] [17] [18] [19] 43 Hence, the layered cobaltite nanostructures appear as designed materials prior to their implementation as OER electrodes in (photo)electrochemical water splitting devices or metal-air batteries, for instance. We have assessed the OER electrocatalytic properties of the as-synthesized nanostructured layered cobaltites with a three-electrode setup in an aqueous 0.1 mol L -1 KOH solution and regular carbon black/Nafion/cobaltite particles composite electrodes deposited on glassy carbon as working electrode. Three nanostructured samples were analysed ( In order to assess the stability of the nanomaterials in operating conditions, chronopotentiometry measurements were performed at a current density of 5 mA cm 
CONCLUSION
To conclude, we have developed a synthesis method relying on soft chemistry in water to yield 2 to 5 cobalt oxide layers-thick 2D nanostructures of sodium cobaltite, which can be substituted at will with nickel. The relevance of the approach resides in the ability to preserve high oxidation states (Co 3+ /Co 4+ species), even in few layers-thick 2D nanomaterials. These new nanomaterials exhibit significantly higher electrocatalytic activity for the oxygen evolution in alkaline aqueous electrolyte than their bulk counterparts and reach activities and performance nanoplatelets/nanoflakes stability comparable to reference materials that are obtained through much harsher synthetic conditions. From a more fundamental viewpoint, this study also shows how, in complex oxides, nanostructures can be used as an additional lever to tune compositional ranges, as they accommodate wider substitution ranges than would larger objects. 
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